Because DTI can provide good markers of white matter pathology, it could be useful in differentiating white matter changes of INPH from those of other dementias. The aim of this study was, by using DTI, to compare the characteristic white matter changes in INPH with those in AD, subcortical vascular dementia, and healthy control subjects.
N
ormal pressure hydrocephalus is relatively uncommon, accounting for only 6% of all cases of dementia worldwide. 1, 2 Accurate diagnosis of normal pressure hydrocephalus is important, however, because it is a treatable cause of dementia. Although patients with normal pressure hydrocephalus usually present with a triad of typical symptoms and signs, such as gait disturbance, progressive cognitive impairment, and urinary incontinence, the clinical decision as to whether a patient with INPH would benefit from shunt surgery is challenging. Even among patients with the classic presentation of INPH, the clinical triad combined with the radiologic signs of hydrocephalus, only 60%-70% show improvement after shunt surgery. 3 Although the reason for lack of response in shunt-treated patients is often unclear, other dementias, including AD and subcortical vascular dementia, have been suggested to coexist with or be misdiagnosed as INPH. 4 Patients with AD or subcortical vascular dementia may be shown to have large ventricles on CT or MR imaging as a result of cerebral atrophy; they may also have normal pressure hydrocephalus-like symptoms, such as gait disturbance or urinary incontinence, related to various degrees of white matter ischemia.
To improve the predictability of shunt-responsiveness in INPH, many invasive methods such as external lumbar drainage or long-term intracranial pressure monitoring have been applied in addition to the spinal tap test. However, these methods are associated with potentially serious complications, including central nervous system infection and hemorrhage. To develop a noninvasive and reliable diagnostic tool predicting which patients will benefit from shunt surgery, many neuroimaging studies have been conducted. Although morphologic patterns seen with CT and MR imaging have been investigated, including increased Evans index, less sulcal enlarge-ment, white matter signal-intensity change, and aqueductal flow void, the role of structural neuroimaging in selecting surgical candidates has remained limited. 5 More recently, various cerebral perfusion-imaging methods, including cerebral angiography, xenon-enhanced CT, technetium Tc99m-hexamethylpropyleneamine oxime SPECT, iodine 123 N-isopropyl-p-iodoamphetamine-SPECT, perfusion-weighted MR imaging, and H 2 15 O positron-emission tomography, have shown positive correlations between increased cerebral blood flow and clinical improvement after CSF shunt surgery. [6] [7] [8] These methods, however, cannot differentiate INPH from subcortical vascular dementia, which can clinically mimic INPH despite its distinct pathologic features.
The DTI method can provide better markers of pathologic status in white matter tracts. In contrast to the large number of studies on other brain diseases by using DTI, this technique has been used in only a few investigations of white matter compression, 9,10 which is a major pathologic change seen in INPH. Recent studies also suggested that DTI is a useful method in diagnosing INPH, though its diagnostic value has not been evaluated before and after shunt surgery. 11, 12 Thus, we investigated the characteristic white matter changes seen in INPH compared with those seen in AD, subcortical vascular dementia, and in healthy controls by using DTI, and we also compared the DTI parameters before and after shunt surgery in patients with INPH.
Materials and Methods

Subjects
A total of 56 subjects participated in the study: 16 For the AD and subcortical vascular dementia groups, we selected patients whose age, sex, and MMSE scores were matched to those of the patients with INPH. The clinical diagnosis of AD followed the National Institute of Neurological and Communication Disorders and Stroke-Alzheimer Disease and Related Disorders Association criteria as described in McKhann et al. 16 The patients with subcortical vascular dementia met the criteria of the Diagnostic and Statistical Manual of Mental Disorders-IV for vascular dementia, 17 and they had significant white matter hyperintensities on MR imaging in accordance with modified criteria of Fazekas et al 15 : a cap or band Ն10 mm and deep white matter lesion Ն25 mm. The healthy control subjects had no history of neurologic or psychiatric illnesses, and their MMSE scores were no less than 1.5 SD below the age-, sex-, and educationmatched norms. All subjects provided written informed consent regarding the scientific evaluation of their data. This study was approved by the local institutional review boards at Samsung Medical 14 c The ratio of the maximal width of the frontal horns to the maximal width of the inner skull.
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Center. Demographic and clinical features of the subjects are detailed in Table 2 .
DTI Acquisition
MR imaging was performed on a 3T Intera Achieva MR imaging scanner (Philips Healthcare, Best, the Netherlands). The FOV in all MR imaging scans was 22 ϫ 22 cm 2 , with a section thickness of 2 mm with no gap between sections. In-plane resolution was 1.72 ϫ 1.72 mm. The DTI dataset was acquired by diffusion-weighted singleshot echo-planar imaging with the following parameters: TE, 60 ms; TR, 7,696 ms; flip angle, 90°; b-factor, 600 s/mm 2 ; matrix dimensions, 128 ϫ 128; 70 axial sections. With the baseline image without weighting, diffusion-weighted images were acquired from 45 different directions. All axial sections were acquired parallel to the anterior/posterior commissure line.
Evans Index Measurement
The Evans index was calculated on the individual baseline images without weighting. It was calculated as the ratio of the maximal width of the frontal horns to the maximal width of the inner skull. 18 The pre-and/or postshunt values of each individual in the INPH group are demonstrated in Table 1 . The values of the healthy control, INPH, AD, and the subcortical vascular dementia groups are demonstrated in Table 2 , and these were significantly higher in the INPH group compared with the other groups.
Region of Interest-Based DTI analysis
The FA and ADC maps were used for region of interest-based analysis by using a technique modified from that used in a previous study. 9 We selected regions of interest by using DTIStudio, Version 2.4.01 (Johns Hopkins University, Baltimore, Maryland) 19 in 2 different ways. One method involved delineating anterior and posterior periventricular white matter tracts in the axial sections of 3 different levels, and the other method entailed selecting regions of interest at several anatomically representative tracts: the anterior limb of the internal capsule, the posterior limb of the internal capsule, the genu and splenium of the corpus callosum, the superior longitudinal fasciculus, and the inferior longitudinal fasciculus. The boundary between the anterior and the posterior periventricular white matter tracts was defined as a coronal plane passing vertically through the midpoint of the anterior/posterior commissure line. Because no significant asymmetry was expected between the left and right hemispheres, we combined the data from each hemisphere within each subject. Figure 1 demonstrates examples of region-of-interest selection in a healthy control subject ( Fig 1A, -C ) and an INPH subject ( Fig 1B, -D) . To help with region-of-interest placement, we used color-coded FA maps in which white matter structures could be identified more easily. Despite the significant displacement of the fibers by enlarged ventricles in patients with INPH, these structures could be identified. The regions of interest were drawn by a board-certified neurologist who is familiar with DTI images (M.-J.K.), and then those in the anterior periventricular white matter and the posterior limb of the internal capsule were drawn again by M.-J.K. and another rater to assess the intrarater and inter-rater reliability. Values of FA and MD in each region of interest were automatically computed by averaging the FA and MD values at each voxel location within the region of interest by using the fiber-tracking tools of the DTIStudio software.
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Statistical Analysis
The FA and MD values from the anterior and posterior periventricular white matter regions of interest at 3 different levels were averaged within each subject. Comparison of FA and MD among the groups was performed by using the 1-way ANOVA or the Kruskal-Wallis test in Sigma Plot, Version 11.0 (Systat Software, Chicago, Illinois). Pairwise multiple comparisons were conducted by using the Holm-Sidak method when the data were normally distributed and by using the Dunn method when they were not. The ROC curve was used to determine the sensitivity and specificity of values for diagnosis of INPH.
Comparisons between pre-and postshunting values were conducted by using the Wilcoxon signed rank test.
Results
The Reliability of Region-of-Interest Measurements
The ICC for intrarater reliability of FA and MD measurements was 0.86 and 0.98, respectively, in the anterior PVWN, and 0.98 and 0.99, respectively, in the posterior limb of the internal capsule. The ICC for interrater reliability of FA and MD measurements was 0.81 and 0.98, respectively, in the anterior periventricular white matter, and 0.94 and 0.96, respectively, in the posterior limb of the internal capsule. Because these ICC values were each Ͼ0.80, they constitute excellent agreement for both intra-and interrater reliability.
Comparison of DTI Parameters among Preshunting INPH and Other Groups
The results of ANOVA showed that both FA and MD differed significantly among the groups in all regions of interest, except in the genu of the corpus callosum (Table 3 ). In pair-wise comparison with the healthy control group, the INPH group showed significantly higher FA or higher MD in most of the selected tracts except in the splenium of the corpus callosum and the inferior longitudinal fasciculus. The INPH group also showed significantly higher FA than all other groups with multiple comparisons in the posterior limb of the internal capsule (Fig 2A) , whereas the MD was higher than in the AD and healthy control groups but lower than that in the subcor- tical vascular dementia group in the anterior periventricular white matter, the anterior limb of the internal capsule, and the superior longitudinal fasciculus. The subcortical vascular dementia group showed significantly lower FA and higher MD compared with all the other groups in the anterior periventricular white matter, the anterior limb of the internal capsule, and the superior longitudinal fasciculus. Moreover, when the subcortical vascular dementia and the INPH groups were compared, FA or MD showed a significant difference in all selected tracts except in the genu of the corpus callosum. In contrast, no single value from any specific region of interest could distinguish the AD group from other groups. Because FA in the posterior limb of the internal capsule alone showed an extreme value in the INPH group distinct from other groups, its accuracy as a diagnostic value was assessed by using ROC (Fig 3) . The area under the ROC curve was 0.93, which means that FA in the posterior limb of the internal capsule will have significant diagnostic value in differentiating patients with INPH from healthy control or other disease groups. Its sensitivity and specificity was 87.5% and 95.0%, respectively, when the cutoff value was defined as 0.613, at which the optimal values of sensitivity and specificity could be obtained on the ROC curve. On the other hand, when the guideline criterion for the Evans index (Ͼ0.30) 13 was applied to our subjects, a sensitivity of 87.5% and specificity of 80.0% was obtained. Comparison between Pre-and Postshunting DTI In the 9 patients who received the repeated DTI, the presurgically high FA in the posterior limb of the internal capsule showed significant decrease after shunt surgery (Fig 2C, P ϭ  .004 ), while MD in the posterior limb of the internal capsule did not show significant change (Fig 2D, P ϭ .13) . Their post- surgical FA in the posterior limb of the internal capsule was still higher than that of the healthy control and the subcortical vascular dementia groups (P Ͻ .001, both), and the postsurgical MD was lower than that of the subcortical vascular dementia group (P Ͻ .001).
Discussion
In this study, we observed that FA was increased in the posterior limb of the internal capsule in patients with shunt-responsive INPH compared with healthy controls or those with other types of dementia. Furthermore, this increased FA was reversible with shunt surgery. With this parameter, the shunt-responsive INPH group could be distinguished preoperatively from the healthy control, AD, and subcortical vascular dementia groups with high sensitivity and specificity. These findings may have clinical implications. In the early stages of INPH, ventricular compliance is particularly decreased in the frontal horns. 20 Because of the compressive forces on the paracentral fibers, the patients initially experience gait disturbances or urinary incontinence. 21 With time, the condition of these patients becomes less responsive to shunt surgery due to diffuse neuronal degeneration secondary to the repeated compression. Given that all patients with INPH participating in this study showed reversible gait disturbance with shunt surgery, the prominent changes in DTI parameters in the posterior limb of the internal capsule, containing the paracentral tracts running to the lower body, could be partly related to their gait symptoms. This possibility can be also supported by another recent study on INPH by using DTI, in which the changes in DTI parameters of the corticospinal tract were shown to be correlated with the severity of gait disturbance.
11
The mechanisms underlying increased FA in the posterior limb of the internal capsule in INPH need to be fully clarified. As has been explained in previous studies, 9, 11 FA may be related to white matter compression. In 1 of the previous studies, the authors examined patients with acute hydrocephalus before and after shunt surgery and demonstrated that DTI could detect white matter changes associated with mechanical pressure by CSF. 9 They hypothesized that the mechanical pressure could lead to higher fiber packing, which increases the tortuosity of the path of water molecules and could lead to both an overall reduction in measured radial diffusivity and an increase in parallel diffusivity, resulting in increased anisotropy. This mechanism may also be applied to chronic hydrocephalus as in our INPH group.
Our results, however, were different in that MD was also significantly increased in some regions of interest in the patients with INPH, whereas it remained at control levels before and after shunt surgery in the previous study on acute hydrocephalus. 9 This finding could be explained by the differences in the pathologic conditions between acute and chronic hydrocephalus, as has also been suggested in another study.
Unlike the acute condition, chronic exposure of the tissue to unnatural compression may result in tissue degeneration, including axonal loss and gliotic change, as well as higher packing of the fibers. 22 These changes are expected to be most prominent in the tracts located proximal to the frontal horns, such as the anterior limb of the internal capsule, the superior longitudinal fasciculus, and the anterior periventricular white matter. We can also hypothesize that these tracts have high FA values initially due to mechanical compression, but secondary degenerative changes later decrease FA and increase MD. Because the posterior limb of the internal capsule is located relatively far from the frontal horns, it might be less affected and still have high FA and preserved MD. Our results of postsurgically decreased FA and unchanged MD in the posterior limb of the internal capsule could also support this suggestion.
In clinical settings, patients with AD or subcortical vascular dementia may have normal pressure hydrocephalus-like symptoms, and the possibility of a common mechanism for these disease categories with INPH has also been suggested. [23] [24] [25] [26] In particular, subcortical vascular dementia is considered to be more difficult to distinguish from INPH due to its characteristic cognitive impairment of a subcortical nature, higher incidence of gait and urinary symptoms, and charac- teristic MR imaging changes that can sometimes mimic the white matter changes seen in INPH. Histologic findings of the involved structures, however, are basically different between INPH and subcortical vascular dementia. In INPH, the most salient features are CSF diffusion into the periventricular white matter and, probably, transcapillary CSF absorption. 27 The periventricular tissue is characterized by disruption of the ependyma, edema, neuronal degeneration, and gliosis, most likely related to altered extracellular fluid dynamics. 28 These changes are potentially reversible in shunt-responsive INPH. On the other hand, vascular ischemic changes in subcortical vascular dementia are characterized by pronounced obliterative microangiopathy with extensive demyelination, lacunae, and widespread symmetric degeneration, which will not be reversed by shunt surgery. 29, 30 As a consequence, evaluating the histologic integrity of involved white matter tracts is likely critical not only in predicting shunt-responsiveness versus nonresponsiveness of INPH but also in differentiating INPH from subcortical vascular dementia. Previous DTI studies addressing ischemic white matter changes have demonstrated elevated MD and reduced FA in the anterior periventricular white matter, with MD considered to be more sensitive. 31, 32 A recent DTI study of subcortical vascular dementia demonstrated significant diffusion tensor changes in the anterior and posterior periventricular white matter, bilateral anterior subcortical areas, and the genu of the corpus callosum compared with control subjects, 33 which is consistent with our findings in subcortical vascular dementia. In our results, the INPH group showed significantly higher FA and lower MD than the subcortical vascular dementia group in most of those areas, suggesting that INPH can be clearly distinguished from subcortical vascular dementia by using DTI parameters.
An ideal biomarker should detect a fundamental feature of the underlying pathophysiology of a disease and distinguish the particular condition from similar ones with a sensitivity and specificity of Ͼ80%. 34 It also should be reliable, relatively noninvasive, simple to perform, and inexpensive. An Evans index of 0.30 satisfies most of these features and is highly sensitive. The recently reported specificity of the Evans index by using MR imaging, however, was as low as 74.0%. 35 When the Evans index and the callosal angle measured in MR imaging (which has also been mentioned in the INPH guidelines 13 ) were combined, the reported specificity was still 94.0%. 35 From our results, however, FA in the posterior limb of the internal capsule alone could distinguish shunt-responsive INPH from other dementias with 95.0% specificity, whereas the Evans index of 0.30 was only 80.0% specific in our study. Moreover, the diagnostic specificity reached 100% when FA in the posterior limb of the internal capsule was combined with the Evans index. The sensitivity of FA in the posterior limb of the internal capsule was also as high as that of the Evans index. Another considerable advantage of DTI is its noninvasiveness and cost-effectiveness compared with other conventional procedures used to select candidates for shunt surgery.
Our study showed that the AD group did not differ from the healthy control group in most selected regions of interest. This finding could be explained by the selection of predominantly anteriorly located regions of interest, because the most common DTI changes reported in AD are reduced FA and elevated MD in posterior regions. 36, 37 In addition, most patients with AD in our study could be in a stage of the disease that is too early to show any changes in the selected white matter tracts.
There are several potential limitations to our study. Because we used region of interest-based analysis, the results could be operator-dependent and less reproducible than voxel-based morphometry analysis. Another limitation is that we did not compare patients with INPH who responded to shunt surgery with those who did not. From a clinical perspective, comparison within patients with INPH would be more appropriate than comparison with other forms of dementia. Likewise, because the present study was performed only with patients with INPH who underwent shunt surgery, the results could be too biased to be used with patients with general clinical conditions. Additionally, the sample size in this study was relatively small, and postshunting DTI data were partially available in the patients with INPH.
Conclusions
The clinical implication of our study is that shunt-responsive INPH could be distinguished from other conditions on the basis of higher FA in the posterior limb of the internal capsule. The diagnostic sensitivity and specificity were high enough, suggesting that DTI could be a noninvasive and valid diagnostic measure for selecting patients likely to benefit from shunt surgery. In addition, the observed reversibility of FA increase may support the currently suggested mechanism of shuntresponsiveness in INPH.
